The acceleration of human disturbance on natural systems necessitates the understanding of the effects of disturbance on species diversity, in order to mitigate its impacts. The Intermediate Disturbance Hypothesis (IDH) provides a general framework for predicting how these effects will unfold, centered on the premise that diversity will be maximized at intermediate levels of disturbance, or after an intermediate amount of time has passed since the last disturbance. We investigated the impact of disturbance by logging in Algonquin Provincial Park, ON, Canada, on tree species diversity. We sampled 7 sites, with known times since the last logging event, ranging between 4 and 149 years. We found that species richness and diversity indeed peaked at an intermediate disturbance regime of approximately 80 years since logging. We also found that this maximum diversity was caused by a combination of early, pioneer, postpioneer, sub-climax, and climax species. Our experiment shows that IDH is applicable to the mixed forests of Algonquin, and therefore, provided that sites are logged after a suitable amount of time has passed, it is possible to harvest trees and maintain diversity.
nderstanding the mechanisms controlling diversity has become increasingly important as the rate of decline in global species continues to accelerate [1, 2, 3] . Maintaining high biodiversity is economically and socially valuable because it increases the functionality and resilience of ecosystems [4] . Historically, the earth has experienced five massive extinctions [5] : Current extinction rates are just as high, and humans have been solely responsible for 5-20% of current species extinctions through human-induced habitat disturbances [5, 6] .
One major theoretical framework to study the effects of disturbances, human or natural, on ecosystems, is the Intermediate Disturbance Hypothesis (IDH). The IDH states that at intermediate levels of disturbance, diversity is maximal, either after an intermediate amount of time has passed since the last disturbance or when the disturbance (ie. fire) is of intermediate intensity [7, 8, 9, 10, 11] . Chase and Leibold [12] hypothesized two potential causal mechanisms for this relationship. On the one hand, sites experiencing intermediate levels of disturbance are expected to be in the post-pioneer to sub-climax stage, where dominance by one species gives way to dominance by another [8, 12] . This allows competitive, climax, species and disturbance-tolerant, or pioneer, species to coexist locally for a period of time as they transition through the stage, resulting in maximum diversity at intermediate disturbance levels, at a local scale [8, 12] . Furthermore, intermediate disturbance could result in maximum diversity at a regional scale, because different sites within a region may have been disturbed at different times [12] . The time since disturbance in each locality would be highly divergent and therefore each site may be in a different successional stage [12] . When all these sites are sampled within a region, diversity would be high [12] .
This hypothesis has been applied to various ecosystems and organismal groups. However, a quantitative review of the published effects of disturbance on diversity found that the patterns predicted by the IDH [8] are not present in all disturbance situations. To explain this discrepancy, follow-up ecological theory suggested that the IDH is applicable when environmental variability is strongly correlated with organism persistence [13] , such as in forest systems. Forests have thus been extensively used to test the intermediate disturbance hypothesis to various degrees [8, 11, 14, 15, 16, 17, 18, 19] . These tests covered both temperate [20] and tropical environments [18] , and time spans covering 10 years [16] to 300 years [20] .
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Since logging is a major human disturbance affecting forests world-wide, we suggest that the forests in Algonquin Provincial Park, in Ontario, Canada, provide ideal locations to study the effects of logging on diversity. Algonquin has a rich logging history dating back to the 1800s, even though the park was not established until 1893 [21] . Spatial and temporal restrictions on logging have been increased by park management since the parks establishment [21] , and as a result, different areas of the park have been logged at different times, producing a wide range of recovering logged sites. This provides an excellent location for the study of the intermediate disturbance hypothesis. Currently, the first objective in establishing and managing a provincial park, is [22] : Therefore, knowledge on the effects of logging regimes on tree diversity is a crucial step in maintaining the ecological integrity of this system.
We hypothesize that tree diversity in Algonquin will peak after an intermediate amount of time has passed since the last logging disturbance, as predicted by the intermediate disturbance hypothesis. We chose to measure disturbance levels as time passed since logging, because we do not know the type or frequency of logging on these sites but we do know when they were last logged. Time since the last logging date will be used as a proxy for frequency since high frequency should correlate with a short time to last disturbance, in this case logging [10] . Diversity was measured with two common metrics: Species richness, which refers to the number of different species found, and the Shannon-Weiner Diversity index (SWD), which incorporates richness and the proportion of individuals relative to each other [10] . SWD is a measure of species richness, but modified by the relative abundances of the different species [10] , to avoid the potential biases of including rare species in the calculation of species richness.
We also differentiated between the two different mechanisms affecting the presence of IDH in this forest ecosystem. If disturbance is on a regional scale then local, small-scale, sampling would not be sufficient to capture landscape level diversity changes. If, on the other hand, disturbance is on a local scale, it should be detectable at small scales. Moreover, if the IDH is the result of local scale disturbance, then we predict that the tree species present in these intermediate disturbance conditions, with maximum species richness, will be a combination of pioneer and climax tree species, with some intermediate successional specialists present as well.
RESULTS
Time since logging was associated with both mean richness ( Figure 1 ) and SWD ( Figure 2 ) unimodally in the 10m X 10m plots, as predicted by the IDH. In both cases, diversity was highest after an intermediate period of time, of approximately 80 years, had passed. However, these unimodal relationships between species diversity and time since logging disappeared in the larger quadrates ( Figure 1 and Figure 2 ), which tested the local versus regional mechanism of IDH. A multiple regression analysis (Table 1) indicated that 88.56% of the variation in richness and 70.35% of the variation in SWD was accounted for by the time since disturbance. The regression analysis also yielded a significant Year 2 value for both species richness and diversity, the formal test of the IDH prediction.
Multivariate analysis
In addition to explaining species diversity patterns, the time since logging also explained a significant amount of variation in tree abundances (F (1,25) = 2.13, p-value = 0.04). The old sites (or climax community) were characterized by high abundances of sugar maple, the young sites by red maple, white birch and yellow birch (pioneer community), and the intermediate sites had a combination of both types of communities, in addition to other species such as balsam fir (Figure 3) , as predicted by the local mechanisms resulting in IDH. Figure 3 also indicates that the age of site 5, at Sunday Lake, may not have been correctly determined, since these plots were very similar in tree composition to the oldest sites that were sampled at Brewer Lake (site 1). Moreover, the larger sampling plots had similar species compositions to the smaller sampling plots within each site, which corresponds to predictions of the local disturbance model of the IDH.
DISCUSSION
We tested the applicability of the intermediate disturbance hypothesis in the forests of Algonquin Provincial Park. Species richness, which is based on the number of species coexisting in a community, followed a pattern predicted by the IDH [25] . Maximum tree species richness occurs after an intermediate amount of time since logging (80 years), supporting the IDH hypothesis.
These results are consistent with previous studies of tree communities that supported the IDH [11, 16, 17, 18] . Bongers et al. [11] examined 2504 forest plots and showed that species density displayed the typical unimodal relationship to disturbance in all cases. Another study by Guo [26] found that diversity first increased and then declined, in accordance with the IDH, in 68% of their study sites. The main mechanisms for this positive effect on species richness following disturbance is the resetting of the community to an earlier successional stage, therefore allowing more species to invade [8, 11, 14, 16, 17, 18] .
Many studies have shown that when disturbance is measured as length of time since the last disturbance, the data were more highly correlated than when it is measured as intensity [8] . Mackey and Currie [8] also hypothesized that the unimodal relationship between disturbance and diversity should be higher in plant communities than animal ones, because plants are competing for space and are not mobile. Consequently, many authors have shown that the IDH does manifest itself in forests [16, 17, 18] .
As the IDH has two spatial forms in which it can manifest, it is important to discern which is present in the mixed forests of Algonquin Provincial Park. Evidence from this study suggests that the IDH follows the local model ( Figure 3 ) [12] . This is demonstrated, in the 10m x 10m plots, by highest diversity being observed at sites where an intermediate amount of time has passed since the last disturbance.
When we increased the sampling area from 100m 2 to 400m 2 and 1600m 2 , we captured more species, as expected. If our results supported the regional model of IDH, the curves would become more peaked as a greater number of species were found in the larger plots. In contrast, the results of this study demonstrated a linear biodiversity curve in the larger sampled plots. The plots displaying the highest levels of species richness, in the smallest plots, contained a combination of both pioneer and climax species. This is another prediction of the mechanisms involved in the IDH at a local scale.
The multivariate analysis showed that time since logging explained a large and significant amount of the variation in tree abundances, as can be seen by the distribution in Figure 3 . These results closely correspond to the findings of Martin [20] , who examined the stages of succession in the forests of Algonquin Provincial Park. He indicated the order of establishment and subsequent removal of tree species from the forests as they age. The order of succession moves from pioneer to post-pioneer, followed by sub-climax and then climax. Colonizers or pioneer species are species which are capable of invading a recently disturbed site [20] . In Algonquin Provincial Park, Populus tremuloides (trembling aspen), Betual papyrifera (white birch) and Acer rubrum (red maple) readily colonize disturbed sites [20] . Both red maple and white birch were found to be characteristic of the younger sites sampled in the current study, as well as yellow birch. Post-pioneer species in Algonquin consist of either Abies balsamea (balsam fir) and Picea spp. (spruce) or Pinus strobes (white pine) with P. resinosa (red pine) [20] . The pioneer species serve as facilitators changing the micro-climate such that it becomes favourable to post-pioneer species [27] . These species were typically found in the intermediate sites sampled in the current study. The sub-climax successional stage in Algonquin can be very long, lasting up to 800 years [20] . Sub-climax species are good competitors which over many generations have the ability to exclude all other species. Such species in Algonquin are Acer saccharum (sugar maple), Betula lutea (sweet birch) and Fagus grandifolia (American beech). Sugar maple was characteristic of the oldest site in this study (1860), as well as in site 5 at Sunday Lake; which is one of the main indicators that this site is much older than originally thought. Climax species in Algonquin consist of Tsuga canadensis (hemlock) and Thuja occidentalis (cedar), which live in dry climates. These species are present from the post-pioneer stage but do not dominate for many years; ultimately they out compete sub-climax species. Both of these species were present in the intermediately aged plots, however, with the sub-climax stage being able to persist for such a long period of time, these species were not found to be dominant in any of the plots in the current study, which only covered 150 years. This model of succession is known as the facilitation model, where only certain pioneer species can colonize a recently disturbed site [28] . In the other models of succession, tolerance and inhibition, any species that arrives on the site may be able to colonize it, even if these species are usually present at later stages [28] . Although these other successional models are possible, Martin [20] demonstrated that it is the facilitation model that acts in the forests of Algonquin Provincial Park.
As is the case of all field studies, limitations to sampling may affect the results. Our results, for instance, suggest that site 5, at Sunday Lake, was aged incorrectly. We estimated that Sunday Lake had been logged around 1970, as it contained clearly cut stumps with some degradation due to rot. Contrary to this, Figure 3 suggests that species composition at the site at Sunday Lake is actually much more similar to site 1, at Brewer Lake. Both sites contained high numbers of Sugar Maple, indicative of a sub-climax forest. Alternative explanations could be similar cutting techniques or site conditions, independent of the disturbance regime. Given the location of site 5 on Figure 3 , with reference to those around it, Sunday Lake could have been logged over Figure 3 Results of the RDA analysis with tree abundances as the dependent matrix and time as the independent variable. Since RDA only computed a single RDA axis, it was plotted versus the first Principal Component Axis, to visualize the general patterns in the tree abundances. The letter codes indicate the different sites, with the first number the site, the letter is the replicate, and the last number the size of the replicate (quadrates with 10m, 20m, or 40m sides). 1 represents the oldest site that was sampled, Brewer Lake -1860, and 7 represents the youngest site at the WRS -2006. The red names indicate the positions of the tree variables, and the blue variable indicates the effect of the time since logging. 100 years ago; however this is still a rough estimate. We would need to return to the site in order to collect samples, to make a more accurate prediction of the time since logging.
Additional sources of error may have occurred at the corridor site at The Algonquin Wildlife Research Station (WRS). The area that was cut along the corridor was directly beneath the hydro lines and was no more than 5m wide in some areas. With only 5 metres of width available for sampling, it was impossible to maintain the same dimensions that were used in the other study sites. In order to keep the same area of 1600m 2 for the upscale (40m X 40m), the dimensions had to be 5m X 320m. As patch size decreases, via smaller width in this case, the amount of influence originating from outside the habitat increases; these are known as edge effects [25] . Previous studies have shown that dispersal into open areas occurs from both nearby trees [29] , as well as animal carriers, such as birds [30] . Greene and Johnson [29] suggest that the greatest contributor of seeds to a clearing is from those trees surrounding it. With a greater area of the plot at the WRS in contact with surrounding trees, many more individuals would have provided seeds for recruitment into the sampled area; therefore tree species that would normally take a lot longer to disperse into the area would have found it easier to become established in the corridor. The edge effects were greatly increased in the corridor and could have contributed to a greater number of species being found there.
Type of logging could also have confounded some of the data, as the type of logging conducted in the park has changed over time. Starting in approximately 1830, logging in Algonquin Provincial Park was predominately done on pine and then expanded to include spruce [31] . With declining availability and new demand, the selected species included yellow birch, hemlock and maple, as well as the previous pine and spruce trees [31] . This progression of desired species creates discrepancies between time periods. With each time period including inconsistent species selection, successional progression for each treatment could be unique.
Logging practices have also changed with technology over the course of time; increasing the rate at which the disturbance was applied. This creates a discrepancy between early logged sites and more recently logged sites [32] . Given the life history of Algonquin tree species, the difference between the logging rates in early and late logging sites is negligible in the case of localities [31] . However, for a regional scale, the ability to create a more widespread disturbance, at a higher rate, will affect the measured outcome as the disturbance will affect most localities.
This study demonstrates that tree diversity in Algonquin Provincial Park can be predicted by the intermediate disturbance hypothesis, with time since logging as the measure of disturbance. Logging in Algonquin thus produces comparable patterns on species diversity as other human or naturally induced disturbances [11, 16, 17, 18] . This study shows the necessity to continue to study the effects of human disturbances on diversity as the rate of species extinctions continues to increase globally [1, 2, 3] . It is, however, more complicated than just eliminating humancaused disturbances. Our results indicate the importance of determining the exact relationship between disturbance and diversity, since human-caused disturbances could have positive effects, depending on the rates or intensity of that disturbance. The next step would be to determine whether there are important differences between the relationships between human-caused disturbances and diversity versus natural disturbances, such as fire regimes, in these mixed forests of Algonquin. This will provide a solid background for managing the ecological integrity of this important ecosystem.
METHODS
Selecting the areas to represent treatments and control
We selected seven areas based on the time since logging, in approximately 30 year increments between 1860 and 2006. We based these times since logging on the availability and accessibility of sites. 
Data collection design at each site
At each of the seven sites, three 10m x 10m plots were marked out using flagging tape and a compass; we began at a selected point, marked the direction of travel on the compass and followed this direction for 10m. The compass was then rotated 90 0 and we travelled 10m in that direction. This was done for all four sides to ensure each plot was 100m 2 . Flagging tape was used to mark the perimeter of the plot. Number of species and number of individuals per species present were tabulated using a counter, and recorded manually, for a total of twenty-one plots. Juvenile trees were excluded from the study since they do not reproduce (trees shorter than one metre). Trees touching the flag tape or whose main foliage or other large part entered the plots were included in the count.
Additional data collection for local to regional scale study
Three areas: Brewer Lake, Booth's Rock and the Wildlife Research Station (WRS) served as representatives of the earliest, intermediate and latest times since logging.
Diversity data for two additional plots in each of these areas were measured. The first additional plot measured 20m x 20m, and the second one 40m x 40m; resulting in six additional plots to estimate the general effect of increased sampling area on species diversity and richness.
Data manipulation, management and statistics
We calculated species richness and diversity for all seven sites in the study and plotted them against year. To formally test for IDH, we fitted a second degree polynomial model with time since logging and its squared transformation as the predictor variables for each dependent variable. If the IDH predicts species richness patterns, the quadratic coefficient will be significant in the polynomial regression. Since we did not have enough replicates to perform a similar test for the larger sampling plots, we performed a visual check of the larger plots compared to the smaller ones.
To test whether the species present in the plots with maximal richness are a combination of pioneer and climax species, we performed a Redundancy Analysis (RDA) [24] , with tree abundances as the dependent matrix, and time since logging as the quantitative predictor variable. This RDA allows us to visualize the species composition changes as time since logging decreases. Sites from an intermediate time since logging site should have a mix of species from both the earliest and latest logged sites. RDA is the multivariate extension of a multiple regression that determines the overall effects of potentially several predictor variables on a matrix of dependent variables [24] . If community composition at intermediate disturbances is different from the other disturbance levels, this would provide evidence for the regional model of IDH.
